We have come a long way since the days, early in the century, when Dr. E.V. McCollum, to the amazement and consternation of his fellow Kansan farmers, raided corncribs for mice and rats to use for nutrition experiments. McCollum believed that it was essential to experiment with small animals with a short life span. His rat colony, started in 1908, was the first in the United States to be used for nutritional investigations, resulting in information on the importance of vitamins and other dietary elements. McCollum, were he alive today, would likely be at the forefront of the movement to develop alternatives to traditional animal models for experimentation and toxicity testing.
Technical improvements in tissue culture and the development of the Ames test, which uses bacteria to detect mutagens, challenge the view that animal testing is the only option in toxicity testing. In addition, there has been a growing recognition of the limitations of certain standard in vivo testing procedures. The explosion of knowledge in molecular biology has also significantly affected toxicology. Moreover, the costs of assessing potential health effects of some 200,000 substances per year that are newly identified or synthesized necessitate alternatives to animal testing. It has been estimated that the cost of testing a single substance using whole animals is frequently in excess of $2 million. In addition, in vitro testing provides the researcher with considerably more control of the variables than whole-animal testing. However, the new tools for toxicity testing must be looked on as adjuncts to traditional testing methods. Any testing method has inherent difficulties: when using whole ani-Mini labs. mals data must be extrapolated transparei from one species to another, and when using cell or tissue culture data must be extrapolated to the whole organism.
The quest for alternatives to animal testing has been scientifically driven, according to William Stokes, associate director for Animal and Alternative Resources at NIEHS. New testing methods that more accurately assess hazards, are less expensive, and more rapidly determine toxicity are being sought at NIEHS. It is the pursuit of these goals that account for the great progress in alternative testing techniques.
Franklin Loew, dean of the Tufts Veterinary School, says it "became clear in the early 70s, apart from the ethical, scientific, and technical issues, that routine use of rats, mice, and guinea pigs in toxicology was becoming increasingly expensive and time-consuming at the same time that society wanted rapid answers. Concordance between results from alternative tests and those from mammals is an important issue in protecting the public safety. It is also important to note that research using cells, tissue cultures, or nonmammalian systems is conducted not only as an alternative to using mammals but because a given alternative system best answers the question under study. In vitro studies also allow researchers to understand the discrete steps in a specific sequence of events leading to toxicity, which is difficult to do in whole animals.
Nonmammalian Models
In place of traditional animal models, nonmammalian vertebrates such as fish, amphibians, reptiles and birds with certain characteristics in common with mammals are being studied. For instance, chemical transmisson in nerve cells has been illuminated by study of the frog neuromuscular junction.
A central issue in the use of nontraditional animal models is how highly conserved a particular organ or biological system is and therefore how well a given system correlates with the human one. As Stokes points out, "Where you have highly conserved structures or mechanisms, you can use the lowest phylogenetic organism or system, whether in tissue cultures or whole organisms like the nematode to extrapolate to the human response." Stokes is currently investigating the usefulness of the frog embryo teratogenesis assay xenopus (FETAX) system. Fertilized frog eggs that develop into free-swimming tadpoles in 96 hours are used to assess the teratogenic potential of chemicals. Using a Melvin Anders dissecting microscope, one make it possib can observe any perturbation to human respc in the development of the embryo as it is exposed to known teratogens in a petri dish.
The use of invertebrates, particularly insects, has provided fundamental insights into living processes. Research on the eye pigmentation of Drosophila led to the hypothesis that each gene controls a single enzyme, a concept fundamental to modern molecular biology. The giant squid axon has provided the basis for the concept of the ionic nature of the electrical action potential in nerve transmission. Invertebrates with nervous systems biochemically related to humans are commonly used for neurotoxicity tests. between the active form of the toxicant and the molecular target), and toxicodynamics (the sequence of events set off by initiation reactions at the molecular level and cascading to higher levels of biological organization, culminating in measurable effects).
In vitro systems have provided information on metabolic pathways and mechanisms of action and have identified appropriate animal models for extrapolating to humans. The in vitro system can serve as the "central core of the toxiological process," says Frazier, providing information about the initiation process as well as the molecular and cellular components of the toxicodynamic phase. "The development of the scientific basis of predictive toxicokinetics focused on physical-chemical properties, quantum mechanical calculations, and in vitro measurements of metabolism." Frazier points out that if human cells were used, species extrapolation would be less important and only a minimal amount of animal study would be needed to confirm in vitro findings. German, or gibberish, "we submit to the program a learning set consisting of a number of English words and non-English words." Once read by the program, the word will be "cut into pieces of three or more adjacent letters," creating groups of lettters that can be identified as belonging to English, German, or neither. "Once the program has digested the learning set and identified the relevant attributes of the language, it can be challenged by a word it has never encountered before and, as we do, try to classify the word by the way it sounds. The CASE program follows such an algorithm to identify the structural attributes of toxicity from a learning set of molecules of known activity."
Other programs being developed include MULTICASE and the META program, which can identify molecular sites susceptible to metabolic transformation. Such programs are currently being used to evaluate the activity of diverse molecules and the location of metabolic pathways to predict toxicity, and the results show a high level of concordance with short-term assays.
A recent workshop held at NIEHS brought together f-+ some 200 scientists and professionals to try to predict the outcomes of 44 rodent cancer bioassays beol fore the results of the studies were made known (see NIEHS News, p. 284). Partic-, ipants provided overviews of their prediction methods and e -. evaluated the strengths and weaknesses of the methods. Strengths included success in Answers under glas predicting strongly mechanisms of actior carcinogenic chemicals, the ability to ascertain classes of chemicals suitable for specific tests, and the potential of all systems to be improved. Weaknesses included a lack of understanding of the precise mechanisms of carcinogenicity, which limits the ability to completely evaluate the relevance of animal results to estimation of human risks.
Advances in molecular biology have increased the understanding of cellular and molecular processes and the differences in these processes between humans and animals. Tools from cellular and molecular biology are being used to develop research strategies for identifying primary target genes. According to William Greenlee, a dioxin researcher at Purdue University, the effect of dioxin, through gene regulation, on growth and differentiation of human skin can serve as a basis for "comparative studies with rat liver cells where dioxin-dependent actions on growth and differentiation lead to tumor production." Apart from understanding the relevance to humans of a given response in rodents, biological mechanismbased =e-e poration of human in vitro data into the risk characterization process, biologically based risk assessments will simply represent improved models for the interpretation of data generated by animal experimentation.
Challenges
As noted earlier, in vitro systems are generally less expensive, require less time, and are more readily controlled than in vivo systems. However, extrapolation from cells and tissue cultures to the complex human organism is at best difficult and, in terms of producing the complex physiological responses of the whole organism, not likely at this point.
In assessing the risk presented by chemcials and drugs during embryonic development, Barbara Hales of McGill University highlights the need for a more in-depth understanding of physiological systems. Hales points out that often it is the balance between metabolic activation and detoxification that determines the toxicity of a drug or chemical and that little attention has been paid to the role of detoxification pathways in the embryo in drug teratogenicity. An essential understanding of basic mechanisms of normal and abnormal development will increase our knowledge of the critical developmental events such as the chemical messenger systems that may be the target of teratogens.
One of the difficulties with cell cultures has to do with maintaining differentiated cells. Cells in culture tend to become unspecialized after a short time, losing the characteristics of the organ or tissue from which they were taken. Immortalized cells that have been genetically altered could prove useful for toxicity testing, though in in vitro testing one looks for cells that respond closely to those of the intact human body. Continuous cell lines have undergone extensive selection for the ability to grow in culture, whereas normal cells have complex requirements for growth and differentiation in culture. More than 200 specific cell types exist in the human body. Adequate culture systems have been developed for only a few of these cell types. The importance and great variety of growth factors, cell regulators, and mediators must also be taken into account. well as the formation of a scientific advisory board representing the academic, industrial, and regulatory communities. The report states, "A framewprk capable of fostering the validation of new methods is essential for the effective transfer of new technological developments from the research laboratory and into practical use." Toxicology, previously considered an applied science, is now "a symphony of all methodologies from many disciplines which attempts to protect the environment, living organisms, and nonliving materials," notes Goldberg. "We are entering a new era in which the rapidly accelerating acquisition of knowledge from the revolution in molecular biology is directly affecting toxicology research. The challenge is to weave this new knowledge and technology into the fabric of toxicological research." Roger McClellan, president of the Chemical Industry Institute of Toxicology, summarizes what toxicologists and others consider most important: alternatives to traditional animal models are not truly competing alternatives, but rather additional means for attacking toxicology's perplexing problems. Says McClellan, "The challenge is to use the knowledge and tools wisely as a complement to our other approaches." DC 20402 or call 202-512-2406.
Conclusion

